ufacturing [3] . Because of its relatively high concentration of calcium (30.8% by weight), its use as a dietary calcium source has been investigated in various species [4] . Its effectiveness as a calcium supplement in dietary rations has been evaluated in humans in recent years and has been shown to have increased bioavailability when compared with calcium citrate and calcium carbonate [5, 6] . Supplementation of commercial swine diets with CaFo has also led to improved growth rates and FE [7] [8] [9] [10] .
Calcium formate has been discussed as an alternative to antibiotic growth promoters in animal rations, associated with its properties as a gut acidifier. Partanen and Mroz [11] and Partanen et al. [12] demonstrated the advantages of using formic acid, a product of the hydrolysis of CaFo, as a gut acidifier to alter gut microflora and improve performance in swine. A decrease in the pH of the gut can result in a significant reduction in bacterial loads resulting from the inhibition of pathogenic bacterial growth [13] . This has been exhibited in swine by a significant reduction in Escherichia coli and Enterococcus populations [14] . Organic acids have previously been shown to have positive effects in broilers, with a reduction in Salmonella spp. in both cecal counts and postslaughter carcass recovery [15, 16] .
The authors hypothesized that dietary CaFo inclusion would result in broiler performance and bone mineralization equal to, if not improved as compared with, broilers fed a diet containing calcium carbonate as the exclusive source of calcium. The objective of this research was to evaluate CaFo as an alternative source of calcium supplementation in commercial broiler diets. The variables average broiler BW, corrected FCR, tibia weight, tibia breaking strength, bone ash content, and duodenal morphology were studied.
MATERIALS AND METHODS

Experimental Birds and Rearing
The study was conducted in an experimental broiler rearing facility, with the experimental design consisting of 4 treatment groups with 10 replicates per treatment, for a total of 40 pens. Each replicate pen contained 54 broilers at placement, for a total of 2,160 Cobb [17] male by-product broilers. Day-old broilers were obtained from a local hatchery, weighed, wing banded, and assigned to dietary treatments based on chick weight to ensure that all treatments began with statistically similar BW. Birds were provided supplemental heat, an age-appropriate diet (Table 1) , and water ad libitum for the duration of the trial. Care was provided in accordance with a Texas A&M University-approved animal use protocol. All birds were euthanized according to the American Veterinary Medical Association and National Chicken Council animal welfare guidelines.
Treatment groups consisted of 4 levels of CaFo inclusion (0.0, 0.5, 1.0, and 1.5%) [18] . These inclusion levels of CaFo would contribute, respectively, 0.0, 0. 15 15, 28 , and 42, one broiler was removed from each pen and euthanized, and the right tibia and a duodenal intestinal sample were collected. On d 49, at the termination of the study, the sample size was increased to 3 broilers from each pen.
Tibia Analysis
Tibias were removed, cleaned of all adhering material, packaged in plastic bags, and frozen at 20°C for storage. Before analysis, tibias were warmed to room temperature. Breaking strength was determined by using an Instron [19] machine. Instron settings for each day of sampling were as follows: d 15: 50-kg load cell, 10-kg load range, 50 mm/min crosshead speed, and 3-cm span; d 28: 50-kg load cell, 50-kg load range, 50 mm/min crosshead speed, and 3-cm span; d 42: 50-kg load cell, 50-kg load range, 50 mm/min crosshead speed, and a 3-cm span; and d 49: 50-kg load cell, 100-kg load range, 50 mm/min crosshead speed, and a 3-cm span. After breaking strength determination, tibias were dried for 24 h at 105°C and ashed at 600°C for 24 h to calculate ash content [20] .
Gut Morphology
Intestinal samples consisted of approximately 2.5 cm of the ascending duodenum of each bird sampled. Samples were removed and flushed with ice-cold saline. The samples were then stored in 50 mL of 10% neutral buffered formalin in a plastic tissue sample container for at least 3 d at room temperature. The samples were prepared for morphological evaluation by cutting approximately 5 mm of each sample with a razor blade and placing the tissue in a cassette for paraffin embedding. The cassettes were then stored in 10% neutral buffered formalin and shipped to a private laboratory [21] for embedding and hematoxylin and eosin staining.
Sample slides were scanned into Adobe Photoshop CS4 Extended [22] with an Epson Perfection 4990 photo scanner [23] at 4,800 dots/in. (pixels/in.). The Photoshop measurement function was used to determine the number of pixels constituting the height and width of the villi. Pixels were converted to millimeters by using the dots per inch from the original scan. Villus height was measured from the top of the villus to the top of the lamina propria [24] . Villus width was measured at the base of the villus [24] . Surface area was calculated using the formula: (2Π) × (villus width/2) × (villus height) [24, 25] .
Statistical Analysis
Data for all variables were analyzed via oneway ANOVA using SPSS [26] . Means were deemed significant at P ≤ 0.05 and were separated using Duncan's multiple-range test.
RESULTS AND DISCUSSION
Broiler Performance
A significant difference (P ≤ 0.05) was observed for d 15 BW, with the 1.0% CaFo inclusion rate resulting in the lowest BW compared with all other treatments ( Table 2) . On d 28, the inclusion rate of 0.5% dietary CaFo increased (P ≤ 0.05) the BW of broilers compared with those fed CaFo at inclusion rates of 1.0 and 1.5%; however, all CaFo inclusion rates resulted in similar BW when compared with the control. After d 28, no differences in BW were observed between any of the experimental treatments for the remainder of the study (Table 2) .
When comparing mortality-corrected FCR of the different dietary phases, differences (P ≤ 0.05) were observed in the starter phase of the diet, with the 1.0% CaFo inclusion rate resulting in an increased (P ≤ 0.05) FCR compared with all other treatments ( Table 2 ). When the FCR were compared cumulatively for the entire growing period, significant differences were observed from d 0 to 28 between the 0.5 and 1.5% CaFo treatments. The 0.5% CaFo treatment resulted in a lower cumulative FCR than the 1.5% treatment (P ≤ 0.05). No differences were observed when percentage mortality was compared among treatment groups for the duration of the trial (data not shown).
Although significant differences in FCR and BW data were observed at some of the CaFo treatment sampling points, the CaFo treatment performance data were statistically similar to the controls at the completion of the study. Conversely, in previous studies, it has been demonstrated that organic acids may be suitable as an alternative to antibiotic growth promoters in swine [12] . It is important to note that these birds were reared in a research facility and that differences in performance may have been observed if these birds had been reared in a commercial facility that may have had a less rigorous cleaning and disinfection program. Although organic acids have been shown to affect performance positively, the benefits are typically more variable than those from antibiotics [27] . The variability in bird performance that we observed with CaFo inclusion was also reported previously [16, 28] .
Tibia Analysis
No significant differences in tibia weight relative to bird weight were observed (data not shown); therefore, only tibia weights are reported. Tibia sampling did not result in any observed differences in weight, strength, or ash percentage through 42 d of age (Table 3) . However, the authors hypothesized that an increased sample size could potentially result in significant differences. Therefore, the sample size was tripled for the final sample day at the termination of the trial. The increase in sample size resulted in observed increases (P ≤ 0.05) in tibia breaking strength in the 1.0% CaFo treatment on d 49 when compared with the control group and the 1.5% CaFo treatment (Table 3) . Calcium formate has been demonstrated to be a superior calcium source for women when compared with calcium citrate and calcium carbonate [7] . Researchers determined that the calcium from CaFo was more bioavailable, resulting in increased levels of calcium in the bloodstream. This observation in humans may explain the increased bone strength we observed in broilers fed a 1.0% dietary CaFo diet. Means in columns with different superscripts differ significantly at P ≤ 0.05. 1 CaFo = calcium formate. 
Gut Morphology
Comparisons among treatment groups with regard to duodenal villus width and surface area yielded no significant differences (Table  4) . Villus height was increased (P ≤ 0.05) on d 49 in the 1.0% CaFo group when compared with villus heights in all other treatments (Table  4) . Although the mechanism for the increase in villus height was not determined in this study, it is known that organic acids do affect the gut microflora, which has a direct effect on the gut mucosa [12, 29] . Calcium formate is known to control diarrhea in weaning pigs, possibly by preventing bacterial translocation and the resulting colonization by pathogens [13, 29] . Organic acids are also known to affect gut pH, gastrin production, acid secretion, epithelial cell proliferation, and nutrient absorption, and they are bacteriostatic, which could have a possible effect on gut morphology as well [12, 17, [29] [30] [31] . 
CONCLUSIONS AND APPLICATIONS
